Pulse amplitude modulation (PAM) fluorometer techniques provide unique information on photosynthetic activity of CAM (crassulacean acid metabolism) plants such as the orchid Dendrobium spp. (cv. Viravuth Pink). CAM plants close their stomata for at least part of the day, creating a sealed compartment in the stems and leaves that precludes measurement of the light reactions of photosynthesis by any gas exchange-based method. PAM machines calculate photosynthesis as the electron transport rate (ETR) through PSII (four electrons per O 2 produced) as mol m À2 s À1 . Photosynthesis-versus-irradiance (P-vs.-E) curves fitted the waiting-in-line function
Introduction
Pulse amplitude fluorometers (PAM machines) can be used to monitor photosynthesis in terrestrial plants and most kinds of photo-oxygenic algae (Schreiber et al. 1995a; White and Critchley 1999; Rascher et al. 2000; Franklin and Badger 2001; Ritchie 2008) . The key measurement that a PAM machine makes is an estimate of the effective quantum yield (Y) of photosynthesis-that is, the proportion of photons of incident light that are actually used to drive the photochemistry of photosynthesis. PAM machines actually measure the photons of light that are emitted as far-red fluorescence (;750 nm) from a flash of blue (;430 nm) or red (;680 nm) light. The PAM software uses a model to infer how many photons are actually used for photochemistry by subtraction (see ''Theory'').
Two other very important parameters calculated by PAM methods are the electron transport rate (ETR) and nonphotochemical quenching (expressed as either qN or NPQ). The ETR is an estimate of the number of electrons passing through photosystem II (four electrons pass through PSI per O 2 produced in photosynthesis) and so can be used as an estimate of gross photosynthesis (P g ), or perhaps more accurately its photosynthetic capacity. Opinions differ as to what nonphotochemical quenching parameters actually measure (Krause and Weis 1991; Ting and Owens 1993; Schreiber et al. 1995b; Holt et al. 2004) , but experiments with proton ionophores and inhibitors of electron transport indicate that they are related to the magnitude of the proton motive force that exists across the thylakoids in chloroplasts and the loss of absorbed energy as waste heat.
PAM machines can perform photosynthetic light saturation curves very quickly (Schreiber et al. 1995a) : experiments that can take 4-6 h with an oxygen electrode or gas exchange apparatus, such as an infrared gas analyzer (IRGA), can be done with a PAM machine in 2-3 min. PAM machines are therefore very useful in comparative studies of the effects of environmental stress on plants and also for rapid screening of the physiological condition of plants, in both the plant breeding laboratory (O'Neill et al. 2006 ) and field situations (Franco et al. 1996 (Franco et al. , 1999 Rascher et al. 2000) .
PAM techniques provide valuable information on the light reactions of photosynthesis of CAM (crassulacean acid metabolism) plants (Osmond 1978; Ting 1985; Taiz and Zeiger 2002; Lü ttge 2004 Lü ttge , 2007 Lü ttge , 2008 that is not readily available with other methods based on gas exchange, such as IRGA, 14 C labeling, or oxygen electrode methods (see Cote et al. 1989 for a combined CO 2 /O 2 study on pineapple, Ananas comosus var. comosus). With the notable exception of work on Clusia (Franco et al. 1996 (Franco et al. , 1999 Lü ttge 2007 Lü ttge , 2008 , few studies using PAM methods have been made of CAM species (Delosperma tradescantioides: Herppich et al. 1998; Mesembryanthemum crystallinum: Ś lesak et al. 2003; Broetto et al. 2007 ; Kalanchoë daigremontiana and Kalanchoë pinnata: Griffiths et al. 2008 ). There are two basic types of CAM plant (Osmond 1978; Ting 1985; Lü ttge 2004 Lü ttge , 2007 Lü ttge , 2008 . Obligate (or constitutive) CAM plants always manifest first some nocturnal fixation of CO 2 as C4 acids and then mobilization of CO 2 and refixation during the day, using the C3 Calvin cycle. Facultative CAM species (also called C3/CAM intermediate plants) manifest CAM metabolism only under conditions of water stress or at certain seasons of the year. There are many variants within these two broad classes of CAM plants (Lü ttge 2004 (Lü ttge , 2007 . In both obligate and facultative CAM plants, it is necessary to estimate how much carbon is fixed as C4-dicarboxylic acids during the night to estimate daily P g .
CAM plants can be intractable systems for photosynthesis studies (Osmond 1978; Ting 1985; Lü ttge 2004 Lü ttge , 2007 Lü ttge , 2008 . The flexible and opportunistic nature of CAM metabolism (Dodd et al. 2002; Lü ttge 2004 Lü ttge , 2007 Lü ttge , 2008 ) is the central reason for many of the difficulties. The genus Clusia, for example, contains hundreds of species ranging from exclusively C3 to facultative CAM to obligate CAM; furthermore, the same species can behave quite differently in different habitats and growth conditions (Lü ttge 2004 (Lü ttge , 2007 (Lü ttge , 2008 . There is an intimate relationship between CAM physiology and water stress of CAM plants. It has been known for a very long time that even supposedly obligate CAM species will fix most of their CO 2 by C3 photosynthesis in daylight if they are well watered (Agave deserti: Hartsock and Nobel 1976; pineapple: Cote et al. 1989) . Gas exchange methods for estimating photosynthesis require both day and night measurements in both obligate and facultative CAM plants. Experimental artifacts are common. In vitro measurements of photosynthesis in protoplasts or cell suspensions obtained by enzymatic digestion of leaves of CAM plants generally exhibit no CAM activity. Very young leaves of CAM plants or experimentally convenient seedlings or small plantlets typically exhibit little or no detectable CAM activity (Hew and Khoo 1980; Dodd et al. 2002; Lü ttge 2007) . Recent imaging PAM studies by Lü ttge (2008) on Clusia minor show large variations in CAM activity within individual leaves. Callus cultures typically behave as C3 plants, with little or no CAM activity (Malda et al. 1999) .
PAM machines are excellent for screening plants for stress tolerance in plant breeding programs (O'Neill et al. 2006) , and so PAM techniques are potentially very valuable tools for commercial nursery horticulture. Cacti, bromeliads, and orchids are major components of the globally important ornamental plant industry (Hew and Yong 2004) .
Theory
The fluorescence yield was calculated with the WinControl software (ver. 2.08 and 2.13) as the effective quantum yield (Y, or F PSII ), as defined by Genty et al. (1989) , van Kooten and Snel (1990) , Rascher et al. (2000) , and Franklin and Badger (2001) :
Here Y is the effective quantum yield of photosynthesis of a plant, given an irradiance E, F9 m is the maximum fluorescence after a flash of light (E), F o is the background steady state fluorescence (in the presence of the measuring light, %1 mmol m À2 s À1 ) measured before the pulse of saturating light. The WinControl software allows the range of light intensities to be adjusted. If possible, the optimum light should be near the mode of the range of light intensities that the plant encounters. Thus, for plants grown in full sunlight (%2200 mmol m À2 s À1 PAR), a range setting was chosen where the maximum light was 1000-1950 mmol m À2 s À1 PAR. Effective quantum yield (Y) ranges from 0 to 1 (the maximum is usually no higher than %0.85). It has been found experimentally that if Y is plotted against irradiance (E), it follows a simple exponential decay function of the form
where Y max is the effective quantum yield at theoretical zero irradiance, k y is a scaling constant, and E is the irradiance. The electron transport rate (ETR) is an estimate of P g and is defined as
where E is measured in mol m À2 s À1 PAR, the PSI/PSII allocation factor (0.5) allows for absorption of ;50% of quanta by PSII and the leaf absorptance factor (0.84) is the mean absorptance factor for a variety of plants determined by Bjö rkman and Demmig (1987), Knapp and Carter (1998) , and Runcie and Durako (2004) .
The relative proportions of PSI and PSII chlorophyll-protein complexes vary considerably in different phototrophs and under different growth conditions; however, their relative efficiencies in absorbing light result in a more or less equal absorption of photons by the two photosystems (hence the PSI/PSII allocation factor of 0.5; Melis 1989) . Four electrons are moved through PSII for each O 2 produced in photosynthesis, and so an ETR of 4 mmol m À2 s À1 is equivalent to an approximate gross photosynthesis rate of 1 mmol m À2 s À1 in terms of oxygen (O 2 ) evolution.
From the finding that plots of Y versus E obey a simple exponential decay function, it follows that plots of ETR versus E should obey an exponential function of the form y ¼ xe Àx . This equation is known as the waiting-in-line model (probability density function, or exponential waiting-time distribution). The waiting-in-line equation can be used to model a variety of systems where a rate is initially directly proportional to the amount of substrate but eventually saturates at a given substrate density and then is inhibited if the substrate is further increased. The model has been used as an empirical model for P-versus-E curves (Steele 1962; Jassby and Platt 1976; Gloag et al. 2007 ), but its theoretical justification has been recognized only recently (Ritchie 2008) .
The waiting-in-line equation is
Equation (4) (Gloag et al. 2007; Ritchie 2008) , where ETR is the electron transport rate (mol m À2 s À1 ), ETR max is a scaling constant for the maximum height of the curve, k y is a scaling constant for the X-axis, and E is the irradiance (mmol m À2 s À1 at 400-700 nm [PAR] ). The maximum photosynthesis rate occurs at an irradiance value of 1=k y , and so the optimum irradiance E opt À Á ¼ 1=k y . Equation (6) is a form of equation (5) that is easier to fit with iterative least squares methods. By looking at a plot of ETR versus E, it is possible to choose starting values for ETR max and E opt that are close to the optimum values:
The exponential constant (k y ) in the exponential yield function (eq.
[2]) should equal the k y value determined by fitting equation (6). At very low light intensities, photosynthesis is directly proportional to irradiance. The maximum photosynthetic efficiency (a) is the initial slope of the curve at E ¼ 0 (a ¼ ETR max 3 e=E opt ). It can be shown by analysis of this function that the half-maximum photosynthesis (ETR half-max ) occurs at 0:231961 3 E opt and that photosynthesis is also inhibited by 50% at 2:67341 3 E opt .
Equations for nonphotochemical quenching (qN and NPQ) are measures of the quenching of the photochemistry of photosynthesis and so are measures of energy absorbed by the photosynthetic apparatus that is not lost as fluorescence or used in photosynthetic electron transport. Two different equations are used to express nonphotochemical quenching, which leads to nomenclature problems and is a source of confusion.
The dark-adapted nonphotochemical quenching parameter, as defined by Genty et al. (1989) and calculated by the WinControl software, is
where F m is the maximum fluorescence measured in darkadapted plants, F o is the fluorescence signal from the background measuring light, and F9 m is the maximum fluorescence measured in the saturating light pulse. Some PAM machines (such as our Junior-PAM) are equipped with a far-red ''wand'' light source to clear electrons out of PSII so that a proper estimate of F o can be obtained. Treatment with far-red light seemed to have little effect on the F o of our dark-adapted leaves. Our F o measurements appeared to be valid. The expression of nonphotochemical quenching that does not require a measure of F o is denoted NPQ. The WinControl software calculates NPQ as
where F m and F9 m are as for equation (7). It is usually found that qN and NPQ can both be described by simple exponential saturation curves of the form
Experimentally, the constants k qN and k NPQ of the nonphotochemical quenching equations are usually different from each other and from the k y values in equations (2) and (6): qN has a range from 0 to 1, but NPQ can range to well above 1.
Methods

Experimental Materials
A commonly used ornamental orchid, Dendrobium spp. (cv. Viravuth Pink), was growing as an epiphytic decorative plant on tree trunks of the Prince Songkla University Phuket campus, Phuket Province, Thailand (lat. 7°539N, long. 98°249E) in December 2009-January 2010 (Bangkok Flowers Centre, Nong Kam, Bangkok). Phuket has a monsoon climate, and the experimental period was during the dry season (precipitation December-March is <50 mm mo À1 ). Daylight lengths were ;12 h d À1 (including skylight). Solar time for Phuket was À29 min 15 s from Thailand Standard Time (GMT þ 7 h) on December 31, 2009 (http://www.powerfromthesun .net/CALCULATORS/LocalToSolarTime.html, accessed January 20, 2010). Leaves were removed with scissors and kept in black cloth bags. PAM measurements were made after leaves had incubated in the dark for at least 10 min and no later than 40 min after collection. Leaves for measurements of titratable acid were collected and frozen before extraction of the acid.
PAR Irradiance in Phuket
SMARTS software (http://www.nrel.gov/rredc/smarts/, accessed November 23, 2009) can be used to model solar radiation reaching the earth's surface at a given latitude and solar angle (Gueymard 1995; Gueymard et al. 2002) . The SMARTS software and the National Renewable Energy Laboratory [NREL] Solar Position Calculator (SOLPOS; NREL Solar Radiation Laboratory, http://www.nrel.gov/midc/srrl_bms/, accessed November 9, 2009) were used to calculate PAR irradiance (400-700 nm) at 15-min intervals at the latitude of Phuket for any solar elevation angle (corrected for refraction) over the period of a day for a given date. Daily irradiances at chosen times of the year were calculated with numerical integration methods.
Chlorophyll Determinations
Chlorophyll determinations are difficult to make on CAM plants because the C4-dicarboxylic acids accumulated nocturnally in CAM plants cause denaturation of chlorophylls into pheophytins when attempts are made to extract chlorophyll from leaves and stems of CAM plants. However, the tissues of CAM plants like Dendrobium have minimal acidity if collected in the late afternoon of daylight (1500-1800 solar time). A small hole-punch (6.3-mm diameter) was used to collect 31:17 3 10 À6 m 2 buttons of Dendrobium leaf tissue. Chlo-577 rophyll was extracted in Mg carbonate-neutralized ethanol and assayed after clearing by centrifugation (Ritchie 2006) . Chlorophyll a (Chl a) was calculated as micrograms of Chl a per square meter of projected leaf surface area and micrograms of Chl a per gram fresh weight (FW), and the Chl b/Chl a ratio was also calculated.
Modulation Fluorometry
Light saturation curve measurements were made using a Junior-PAM portable chlorophyll fluorometer (Gademann Instruments, Wü rzburg, Germany) fitted with a 1.5-mm-diameter optic fiber and a blue diode (485 6 40 nm) light source. PAM parameters (Y, ETR, qN, and NPQ) were calculated with the WinControl software (ver. 2.08 and 2.13; Genty et al. 1989 ), using the standard settings for rapid light curves (absorptance factor ¼ 0.84, PSI/PSII allocation factor ¼ 0.5; Heinz Walz, Effeltrich, Germany) to calculate the ETR (Schreiber et al. 1995b; Rascher et al. 2000) . Sets of PAM light curve measurements took ;88 s to complete, with 10 s between actinic flashes of light, and each flash of light was 0.8 s in duration. The flashes were in order of increasing intensity, but the steady state fluorescence yield (F o ) did not change by more than 10% over the course of a run of ETR versus E. Leaves were kept in the dark for 10-30 min before fluorometry measurements. Only one light saturation experiment was run on each part of a leaf to avoid confounding effects of multiple experimental treatments and invalid estimates of F o . The measurements were made in the bright green central parts of the leaves. The nonlinear least squares fit routines (Microsoft Excel) used in this article are available from R. J. Ritchie.
Titratable Acid
Titratable acid was measured on an FW basis. Leaves were sampled on a 24-h cycle and stored frozen (À20°C) before extraction. Acid was extracted in 30 mL of distilled water by heating the leaves in a microwave oven for 3 min. After cooling, the free acid was titrated in 5 mol m À3 NaOH with phenolphthalein indicator (McWilliams 1970; Griffiths et al. 2008 2007, 2008) . Maximum photosynthetic yield (Y max ) by Dendrobium leaves was only ;0.3 during the night and rose to ;0.7 at midday, but in the afternoon well before the sun had set there was already a significant decline in yield ( fig. 2) . Correlation coefficients for fits to plots of yield-versus-irradiance curves were all very high; for example, for leaves collected at 1200 solar time, r ¼ 0:9946 (P ( 0:001). The exponential constants (k y ) are tabulated in table 2. Figure 3 is a plot of ETR versus irradiance up to sunlight irradiances (%1900 mmol m À2 s À1 PAR for Phuket in DecemberJanuary) for Dendrobium leaves collected at solar midday (1200). Equation (6) was fitted by iterative least squares methods on the basis of nine different light intensities and 12 leaves, giving 108 data points (r ¼ 0:9460, P ( 0:001). The ETR max was 33:4 6 0:89 mmol m À2 s
À1
, and the optimum irradiance (E opt ) was 411:6 6 16:1 mmol m À2 s À1 PAR, or ;22% of full sunlight at the season when the study was done in Phuket ( fig. 1 ). The photosynthetic efficiency (a) was 0:2205 6 0:0104, which is a typical value for vascular plants (Ritchie 2008 , based on production of one O 2 per four electrons passing through PSII. The E opt values, determined with least squares fitting, are tabulated in table 2. For leaves collected at most times over a 24-h period, the optimum irradiance value was ;450 mmol m À2 s À1 PAR, with the notable exception of leaves collected in the afternoon (1500-1800 solar time), which had very low E opt values.
Dendrobium leaves taken at solar midnight had a much lower photosynthetic potential, as indicated by the low yield values shown in figure 2. Leaves were sampled at midnight on two occasions, and so overall photosynthetic parameters could be calculated on the basis of 18 irradiance levels and 24 leaves, giving a total sample size of n ¼ 216. The ETR max was 15:54 6 1:042 mmol m À2 s À1 . The optimum irradiance (E opt ) was 446:1 6 55:7 mmol m À2 s À1 PAR and so was not significantly different from that found for leaves sampled at solar midday. The photosynthetic efficiency (a) was very low, at 0:0947 6 0:0134. The approximate P g was 3:89 6 0:261 Figures 4 and 5 show ETR versus solar time and photosynthetic efficiency (a) versus solar time, respectively. Both ETR and a show a strong diurnal cycle, with low values at night followed by increasing ETR max and a during the morning, reaching a peak at about solar midday followed by a sharp decrease, to values similar to those found in the dark, in the afternoon well before the sun had set. Figure 6 shows that the maxima of the two parameters used to express nonphotochemical quenching (qN and NPQ) vary in a different way over the diurnal cycle. Maximum qN varies little over time and averaged ;1. The denominator of qN is the difference between the maximum fluorescence of darkadapted plants (F m ) and the fluorescence signal from the background measuring light (F o ; eq. [7] ). The denominator of equation (8), used to calculate NPQ, is F 9 m , which is the maximum fluorescence measured in saturating light. The value of NPQ max was high in leaves sampled during the night, varying from ;2.5 to 4. During the daylight period, NPQ max and qN max were both ;1. The exponential constants for qN and NPQ, determined using equations (9) and (10), respectively, are tabulated in table 2. The two exponentials are not similar in magnitude and are not obviously related to the k y of photosynthetic yield. Figure 7 shows that Dendrobium has a clear diurnal cycle of titratable acid in its leaf tissues, typical of a CAM plant. As in pineapple, Kalanchoë daigremontiana, and Kalanchoë pinnata, accumulation of titratable acid and its depletion during daylight are both linear (Chen et al. 2002; Griffiths et al. 2008) . Titratable acid was accumulated nocturnally and was gradually depleted to a minimum in the late afternoon (solar time 1500-1800). The minimum titratable acid in Dendrobium leaves was 1:032 Griffiths et al. 2008 ), but accumulation levels are similar to those found in the facultative CAM species Delosperma tradescantioides (Herppich et al. 1998 ). Dendrobium appears to lack the strong wounding response often found in CAM plants. Leaves cut from plants at 1800 and incubated overnight (until 0600), with the cut-end sections in water, had 20:90 6 2:69 mmol g À1 FW titratable acid (n ¼ 6) and so fixed as much CO 2 at night as leaves left on the plant.
With the irradiance data ( fig. 1 ) and estimates of ETR max and E opt taken during the course of the day ( fig. 4 ; table 2), it was possible to calculate the P g of Denbrobium leaves over the course of a day via equation (6). The results were then integrated by use of the trapezium rule to estimate cumulative and total daily P g ( fig. 8 ). For comparison, the time course of the CO 2 reservoir as C4 acids is also shown. The C4 reservoir is clearly too small to account for total daily photosynthesis (P g ). Total P g increased rapidly during the morning but leveled off during the middle of the day because of photoinhibition; a high photosynthesis rate resumed in the afternoon. The PAM data give an estimation of total daily photosynthesis of
), of which only ;10% would be derived from nocturnal fixation of CO 2 . Fig. 1 Diurnal light curves (global irradiance ¼ direct irradiance þ diffuse irradiance) for Phuket (lat. 7°539N, long. 98°249E), Thailand, at the summer solstice (SS), the spring equinox (SE), and the winter solstice (WS). Fifteen-minute time intervals were chosen as suitable for the purposes of this study, and the refractive effects of the atmosphere were allowed for. The maximum PAR irradiance at the winter solstice was 1860 mmol m À2 s
. The average daily irradiance for DecemberJanuary was 48 mol m À2 d À1 PAR. 
Discussion
Obligate and facultative CAM plants use both the reservoir of CO 2 fixed as C4 acids during the previous night and some atmospheric CO 2 fixed directly by the Calvin cycle (Osmond 1978; Ting 1985; Herppich et al. 1998; Dodd et al. 2002; Lü ttge 2004 Lü ttge , 2007 Lü ttge , 2008 . For CAM physiology to function, precise circadian cycling of its operations of is essential (Cote et al. 1989; Franco et al. 1999 ; Duarte and Lü ttge 2007; Lü ttge 2007, 2008) . Diurnal changes in PAM parameters (particularly NPQ) have been noted previously in Clusia hilariana (Franco et al. 1999) , Clusia minor (Duarte and Lü ttge 2007; Lü ttge 2007, 2008) , and water-stressed Mesembryanthemum crystallinum (Broetto et al. 2007 ), which are facultative CAM species, and in well-watered Kalanchoë daigremontiana and Kalanchoë pinnata, which are obligate CAM species (Griffiths et al. 2008) . When the stomata are closed, the stems and leaves of a CAM plant are a sealed compartment precluding the measurement of photosynthesis by any gas exchangebased method. PAM techniques provide unique information on photosynthetic activity of CAM plants, such as orchids. The Dendrobium Viravuth plants used in this study were growing epiphytically on trees in the university campus parkland. Under such conditions, the orchid would be expected to show its heaviest seasonal dependence on CAM physiology (Osmond 1978; Ting 1985; Herppich et al. 1998; Dodd et al. 2002; Lü ttge 2004 Lü ttge , 2007 Silvera et al. 2009 ). The results show that this Denbrobium plant does show the classical diurnal carbon fixation cycle of an obligate CAM plant. C4 acids were fixed nocturnally (phase 1, as defined by Osmond 1978) and then mobilized during the day (phase 3; fig. 7 ). However, the daily total P g of Denbrobium is low:
, or no more than ;10% of the total.
For comparison, Fu and Hew (1982) showed that two obligate CAM orchid species (Aranda cv. Christine 9 and Dendrobium taurinum) accumulated 100-150 mmol H þ g À1 FW titratable acid at night, more than five times as much as Dendrobium Viravuth in our study. If we integrate the IRGA data shown in figure 5 of Fu and Hew (1982) , we calculate that Aranda Christine 9 and D. taurinum fixed ;1.6-2.2 g C m
; leaf surface area basis) but that only a very small proportion (<5%) of this total came from CO 2 taken up from the atmosphere during daylight. Thus, the obligate CAM orchid species studied by Fu and Hew (1982) , kept under good conditions, fixed slightly more carbon on a leaf surface area basis than Dendrobium Viravuth but relied almost solely on their internal reservoir of C4-dicarboxylic acids as a source of CO 2 . It should be noted that estimates of daily photosynthesis in orchids based entirely on integrated IRGA results (Fu and Hew 1982) and those based on integration of PAM estimates of P g are very similar (1-2 g C m À2 d À1 , or 0.083-0.167 mol m À2 d À1 ), even though they are based on quite different means of estimating photosynthesis.
Heavily watered pineapple (six times per day) fixes most of its CO 2 (>90%) directly from the atmosphere in daylight (P g % 2 g C m Note. Data are reported as means 6 95% confidence limits on the basis of PAM light curves on 12 leaves and nine PAR irradiance levels (see fig. 3 ). See equations (2), (9), and (10), respectively, for the constants k y , k qN , and k NPQ ; qN and NPQ are nonphotochemical quenching parameters. , and the optimum irradiance was 411:6 6 16:1 mmol m À2 s À1 PAR (means 6 95% confidence limits). Pulse amplitude modulation light curve data are based on 12 leaves and nine different irradiance levels. ) and so would account for nearly all daily photosynthesis: CAM phases 2 and 4 (Osmond 1978 ) would contribute only a minor component of daily CO 2 fixation. The cactus Coryphantha minima also accumulates up to ;100 mmol H þ g À1 FW titratable acid at night (Malda et al. 1999) . Coryphantha has a much lower surface area/volume ratio than Dendrobium or Kalanchoë leaves. The CO 2 reservoir as C4-dicarboxylic acids fixed nocturnally by the cactus would easy account for its total daily photosynthesis (P g ). Herppich et al. (1998) , working on the facultative CAM plant Delosperma tradescantioides, concluded that ;24% of total carbon fixed was derived from CO 2 fixed as C4 acids at night.
PAM machines provide information on the light reactions of photosynthesis and only indirect information about the functioning of the Calvin cycle or ATP and NADPHþH þ status. Under conditions of high light but little or no available CO 2 for fixation by the Calvin cycle, the end result is a buildup of NADPHþH þ and hydrogen peroxide, resulting in significant damage to the photosystems, as documented in M. crystallinum (Ś lesak et al. 2003) . Very high oxygen tensions also build up in the leaves of CAM plants during the day, as noted by Humboldt in the early nineteenth century (Lü ttge 2007), leading to high photorespiration (see CO 2 and O 2 studies on pineapple by Cote et al. 1989) . Similar inferences can be drawn from the diurnal pattern of PAM parameters in Dendrobium Viravuth. Figures 2, 4 , and 5 and the E opt data in table 2 show that the maximum effective quantum yield (Y max ), electron transport rate (ETR max ), optimum irradiance (E opt ), and NPQ max all vary on a diurnal cycle. Both Y and ETR are related to the flow of electrons through PSII to PSI, eventually to form NADPHþH þ , which is used to fix CO 2 . The Y max and ETR max of the light reactions of Dendrobium were much lower during the night ( fig. 2) .
Nonphotochemical quenching expresses the amount of light energy absorbed by PSII but not used for photochemistry. The qN max does not show an obvious systematic variation over a diurnal cycle. The NPQ max increases greatly at night, when photosynthesis does not normally occur ( fig. 6 ). It can be concluded that NPQ is a better measure than qN of the conversion of energy absorbed as PAR into waste heat. The high NPQ values during the dark period indicate that at night the photosynthetic apparatus disperses absorbed light energy as heat rather than generating a proton motive force; in other words, the photosynthetic electron transport chain appears to be uncoupled. Such an interpretation is consistent with the light-harvesting mechanism being dysfunctional during the nocturnal period because it is under repair. Kalanchoë daigremontiana and K. pinnata, like Dendrobium, both show large changes in NPQ from daytime to nighttime ( fig. 3 in Griffiths et al. 2008 ). Water-stressed M. crystallinum also showed diurnal changes in NPQ ( fig. 4 in Broetto et al. 2007 ) but not as pronounced as those in Dendrobium.
PAM machines give no information at all on respiration, and so although they can give useful estimates of P g (or, more accurately, photosynthetic capacity), without independent respiratory information net photosynthesis (P n ) cannot be estimated, nor can the O 2 /CO 2 ratio of photosynthesis be estimated (Cote et al. 1989) . A calibration procedure against measurements of photosynthesis made using oxygen electrode, 14 C, or IRGA methods is necessary to make quantitative estimates of P n from PAM data (Hartig et al. 1998; Beer et al. 2000; Franklin and Badger 2001; Longstaff et al. 2002; Beer and Axelsson 2004; Runcie and Durako 2004; Gloag Fig. 4 Maximum electron transport rate (ETR max ) of Denbrobium leaves collected over the course of a day. The ETR max was estimated via nonlinear least squares fitting of equation (6). Pulse amplitude modulation light curve data are based on 12 leaves and nine irradiance levels. Data are reported as means 6 95% confidence limits. In an obligate CAM plant, the minimum daily carbon fixation can be estimated on the basis of how much CO 2 was fixed as C4-dicarboxylic acids during the night. This CAM fixation can be measured as titratable organic acid found in the leaves at dawn (Fu and Hew 1982; Herppich et al. 1998 ). This carbon is remobilized during the daylight phases 2 and 3 (Osmond 1978) of the CAM cycle to form the CO 2 refixed during the day in the Calvin cycle, while the leaves of CAM plants are a closed system (Lü ttge 2004 (Lü ttge , 2007 . All respiratory CO 2 produced by leaves during daylight, while the stomata are closed, would be refixed photosynthetically. The CO 2 supply for P g in an obligate CAM plant is therefore finite and easily measurable. The internal CO 2 reservoir is typically depleted by the late afternoon or sunset (see fig. 1 in Chen et al. 2002; fig. 1 in Griffiths et al. 2008) . Total daily photosynthesis using the CAM metabolism of a CAM species is limited by how much CO 2 can be stored nocturnally as C4 acids. Some Clusia species can accumulate huge amounts of malate (>1000 mmol H þ g À1 FW; Franco et al. 1992; Lü ttge 2004 Lü ttge , 2007 Lü ttge , 2008 . Pineapple, K. daigremontiana, and K. pinnata (Chen et al. 2002; Griffiths et al. 2008) (Osmond 1978; Fu and Hew 1982; Sipes and Ting 1985; Ting 1985) . A less extreme CAM mode is called CAM cycling, where plants open their stomata in daylight and not at night and recycle all nocturnal respiratory CO 2 into malate for refixation during daylight (Sipes and Ting 1985; Ting 1985; Vovides et al. 2002; Lü ttge 2007) . In CAM-cycling plants, the pattern of stomatal opening and closing resembles that in C3 plants: any net gain of carbon in such plants is achieved by fixation of CO 2 from the atmosphere in the morning and late afternoon, and nocturnal fixation of C4 acids is used as a means of rescuing respiratory CO 2 that would otherwise be lost at night. CAM cycling is widespread in the plant kingdom (Ting 1985; Lü ttge 2007) .
Some obligate CAM plants under favorable conditions take the opportunity to open their stomata for part of a day and directly fix CO 2 by C3 photosynthesis (phases 2 and 4 of the CAM cycle; Osmond 1978) but retain high C4 fixation at night; others, such as Agave deserti, lose all trace of CAM metabolism (Hartsock and Nobel 1976) . Measurements of nocturnal accumulation of C4 acids are likely to underestimate daily photosynthesis in CAM species kept under well-watered conditions (see Hartsock and Nobel 1976; Herppich et al. 1998; Dodd et al. 2002) . If the Dendrobium plant used in our study was using nocturnally fixed CO 2 as its sole source of carbon, then figure 7 shows that its net photosynthesis could have been no more than 0:118 6 0:007 g C m À2 d
À1
(0:10 6 0:0006 mol m À2 d À1 ), a very low value, probably sufficient only to keep the plant alive under extreme conditions.
The waiting-in-line model was a very good descriptor of photosynthetic light saturation curves ( fig. 3) fig. 3 ), which places Dendrobium on the lower end of what rates as a sun plant (Herppich et al. 1998; Martin et al. 1999) . Figure 8 is a plot of the cumulative P g of the Denbrobium plants estimated from our ETR max and E opt data over the course of daylight. Since irradiance reached more than 1800 mmol m À2 s À1 at midday in Phuket during the time of the study, equation (6) predicts substantial photoinhibition of photosynthesis during the middle of the day (>50%) but favorable circumstances for high photosynthesis in the morning and afternoon. The time course of photosynthesis shown in figure 8 generally follows this pattern. However, there was Fig. 6 Nonphotochemical quenching calculations on Denbrobium leaves collected over the course of a day. The two expressions for nonphotochemical quenching (qN and NPQ) were estimated via nonlinear least squares fitting of equations (9) and (10), respectively. Pulse amplitude modulation light curve data are based on 12 leaves and nine irradiance levels. Data are reported as means 6 95% confidence limits. Fig. 7 Titratable acid of Denbrobium leaves collected over the course of a day. Data are means based on six replicates, except for the measurements at solar times 0600 and 1800, which are based on 16 replicates. Error bars represent 95% confidence limits. Acidity was at its minimum in the later afternoon (%1 mmol g À1 fresh weight [FW]; 1500-1800), rose to %18 mmol g À1 FW at dawn, and steadily decreased during the day back to the late-afternoon minimum. . 6 ) and the low yields and ETR max values found at night (figs. 2, 4). Osmond (1978) divided the CAM cycle into four phases: phase 1, nocturnal assimilation of CO 2 into C4 acids; phase 2, a phase of variable duration in the early morning of daylight, when the stomata remain open and some atmospheric CO 2 is fixed by the Calvin cycle; phase 3, mobilization of CO 2 from the stored C4 reservoir and fixation via the Calvin cycle; and finally, a variable phase 4, when the C4 reservoir is depleted and the stomata open in the late afternoon. The Dendrobium hybrid cultivar used in our study does fit this pattern as well as classic CAM species (Fu and Hew 1982; Dodd et al. 2002; Lü ttge 2004 Lü ttge , 2007 Griffiths et al. 2008) . Dendrobium Viravuth fixed some CO 2 as C4-dicarboxylic acid during the night (phase 1), accounting for ;10% of total daily carbon fixation. About 90% of P g was fixed by C3 photosynthesis directly from the atmosphere during daylight. As in D. tradescantioides, a facultative CAM species (Herppich et al. 1998) , phases 2, 3, and 4 are not readily distinguishable. The PAM data show that the photosynthetic capacity of the leaves (ETR max ) and photosynthetic efficiency (a) increased steadily during the day, reaching maxima at ;1500 solar time. Meanwhile, the reservoir of C4 acids decreased linearly with time until depleted at ;1500 solar time. In the late afternoon (1500-1800), the photosynthetic capacity of the leaves collapsed, probably because of irradiance damage to the photosystems in the absence of CO 2 substrate for photosynthesis. There was very little photosynthesis in the late afternoon, and so there was really no significant phase 4.
The Dendrobium Viravuth plants used in this study were not CAM idling; they were flourishing, flowering, and growing new leaves and shoots. Dendrobium Viravuth is an orchid cultivar with very limited capacity to fix and store C4 acids at night. The observation that nocturnal C4 acid accumulation by excised leaves, which would be expected to have closed stomata, fixed an amount of CO 2 similar to that fixed by attached leaves strongly suggests that Dendrobium Viravuth was performing CAM-cycling physiology (Sipes and Ting 1985; Vovides et al. 2002; Lü ttge 2007) . The results of this study are entirely consistent with the plants being in CAM-cycling mode, where CAM physiology is restricted to recycling respiratory CO 2 at night. Gas exchange or stomatal-conductance measurements over a diurnal cycle would be needed to prove this proposition. fig. 4 ) and the optimum-irradiance data (table 2) inserted into equation (6) and using irradiance values shown in figure 1. For comparison, the CO 2 reserves as C4 acids are also shown. The pulse amplitude modulation data give an estimate of total daily photosynthesis of ;1.4 g m À2 d
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, of which only ;10% would be derived from nocturnal fixation of CO 2 .
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